device have been confirmed and reported (ie, in adult subjects, the mean difference and standard deviation of the differences between the oscillometric and auscultatory methods were 2.81±5.35 mmHg (mean ± SD) for SBP and 0.04±4.90 mmHg for DBP defined by phase V Korotkoff's sounds). 30 We used appropriate-sized cuffs and calibrated the sphygmomanometer before each study session. We did not use the recordings of the automatic sphygmomanometer for the measurement of resting HR because it could not correctly detect arrhythmias. The electrocardiogram (ECG) was then recorded (FCP-4130, Fukuda Denshi, Tokyo, Japan) for each student for at least 20 s while supine on a bed. If significant arrhythmias were noted, the ECG recording was continued for longer. The resting HR (beats/min) was calculated as 60 /mean R-R intervals (seconds) during the ECG recording. If there were arrhythmias, only the R-R intervals between normal sinus beats were used. We could not determine sinus HR in 1 boy with idioventricular rhythm and in 2 boys with ventricular premature beats in bigeminy, and therefore these subjects were excluded from the study. Complete sets of measurements could not be obtained for 28 boys and 37 girls, and hence valid measurements as obtained from 20,165 boys and 19,683 girls were used in the analysis. The characteristics of the subjects are summarized in Table 1 . The number of subjects included in the present study represented 55% of their peers in the 2004 academic year in the Aichi prefecture, in which the rate of adolescents enrolling in high-school education was 95%, with prefectural public high school students accounting for about 60% of them. Moreover, the prefectural public high schools in the Aichi prefecture enroll a wide variety of students, from the lowest to the highest academic performance and socioeconomic level. Therefore, the subjects in the present study were considered to be a valid and unbiased sample.
This study conformed with the Ethical Guidelines for Epidemiological Research of the Japanese Ministry of Education, Culture, Sports, Science and Technology, Ministry of Health, Labour and Welfare. 31 We obtained permission to use and analyze the data from the Committee for Ethics of the Aichi Medical Association and the Prefectural Board of Education on the condition of confidentiality of personal data. This study was also approved by the Institutional Review Board of Aichi Medical University.
Subject Classification, and Definitions of Tachycardia and HT
The subjects were classified into 6 adiposity categories according to BMI quintiles; however, we added another group with a BMI ≥99th percentile in order to observe the effects of severe obesity on hemodynamic abnormalities: group 1 (<20th percentile: <18. , and group 6 (≥99th percentile: ≥32.1 kg/m 2 in boys and ≥29.9 kg/m 2 in girls). Resting tachycardia was defined as a resting HR greater than or equal to the 95th percentile (≥95 beats/min in boys and ≥99 beats/min in girls). Systolic HT (SHT) was defined as SBP ≥140 mmHg and diastolic HT (DHT) as DBP ≥85 mmHg in both sexes according to the criteria of JSH 2004. 32 
Statistics
A probability value of p<0.05 was considered to be statistically significant. Mean values were compared using 1-way analysis of variance with multiple comparisons between group 1 by the Dunnett t-method. All statistical analyses were performed with the Japanese edition of SPSS version 10 (Tokyo, Japan). 
DHT and tachycardia
Observed prevalence (%) 
Results
Mean values of SBP, DBP, and resting HR were different among the groups classified by BMI in both boys and girls (Fig 1) . Of note, SBP increased linearly with the severity of adiposity in both sexes (Fig 1) . Also, the boys and girls in group 6, the fattest adolescents with a BMI ≥99th percentile, had significantly higher SBP, DBP, and resting HR (Fig 1) .
The observed prevalence of SHT, DHT and resting tachycardia was associated with the degree of adiposity (Fig 2) . Boys and girls in group 6 had extremely high prevalences of SHT, DHT, and resting tachycardia (Fig 2) . Notably, these students show a strong tendency to have HT and tachycardia simultaneously: approximately two-thirds of the boys and nearly half of the girls in groups 6 who had a resting tachycardia also had SHT; nearly half of the boys and girls with DHT in group 6 also had tachycardia (Fig 2) . In both boys and girls, we found significant correlations among BMI, SBP, DBP and resting HR ( Table 2) .
Discussion
The present study results show that hemodynamic abnormalities such as SHT and DHT are closely associated with a high resting HR. Also, the prevalence of HT and resting tachycardia increased with the degree of adiposity. Furthermore, the clustering of these unfavorable conditions increases with the adiposity. These findings add to our understanding of the early development of obesity-related HT in young people, and indicate that the prevention of obesity early in life is crucial for the prevention of heart disease later in life.
HT is closely associated with obesity in adults, 20, 33 as well as in children and adolescents. 10, 11, 13, 16, 34 Moreover, as shown in the present study, in adolescents BP and the prevalence of HT are strongly related to the degree of adiposity.
A high resting HR is related to the development of atherosclerosis and cardiovascular events in adults. [22] [23] [24] [25] [26] [27] [28] [29] This relationship is observed in the general population, 23, [25] [26] [27] in the elderly, 21, 22 in hypertensive cohorts 22 and in patients with myocardial infarction or heart failure. 28, 29 Tachycardia per se is an independent risk factor because of the associated increases in arterial wall stress and ventricular vulnerability. 35 Several studies of adult populations have shown that tachycardia is also associated with many other risk factors for atherosclerosis, including high BP, being overweight, increased blood glucose, lipid abnormalities, and hyperinsulinemia. 35 Also, in pediatric populations, 17, 18 in accordance with the present study, a high resting HR is more frequently seen in obese children and adolescents than in normal-weight peers. However, there is scarce information on whether resting HR and the prevalence of a resting tachycardia are associated with HT and the degree of adiposity. The present study shows the distribution of resting HR and the prevalence of resting tachycardia in association with adiposity in a large, population-based sample that is representative of adolescents in Japan.
The close and early association of SHT or DHT and resting tachycardia with adiposity shown in the present study suggests the role of impaired autonomic function in the pathogenesis of adiposity-associated HT. Sympathetic overactivity may be closely related with these unfavorable hemodynamic abnormalities in obese adolescents in whom atherosclerosis does not fully develop. Some studies have suggested that overeating and subsequent weight gain is responsible for sympathetic overactivity, 35, 36 whereas others have demonstrated that a primary sympathetic overactivity might lead to excess weight. 18, 37, 38 On the other hand, some studies indicate that obesity-associated HT and resting tachycardia may result from impaired cardiac parasympathetic function in both humans [39] [40] [41] [42] and experimental animals. 43, 44 The animal model of obesity also exhibits many of the features of human obesity, including various metabolic disturbances as well as the HT and resting HR that occur in parallel with weight gain. 45, 46 Those adolescents with obesity, tachycardia, and HT may be on the way to having a full set of risk factors for metabolic syndrome and may be at a high risk of subsequent atherosclerotic diseases early in adult life. Therefore, the prevention and reduction of these risk factors by changing lifestyle, especially by promoting exercise and favorable eating behaviors, is fundamental to the prevention of atherosclerotic diseases later in life.
Study Limitations
First, we did not measure skin fold or circumference. We admit that such data would provide more detailed information and that using BMI may fail to distinguish increased fat mass from increased fat-free mass. However, the BMI is the preferred measure for detecting overweight in children and adolescents because of its feasibility, reliability, and tracking with adult obesity measures. 48 Second, we did not assess pubertal maturation, which may be important in this age range. However, we used a population within a narrow age range of 1 year and excluded students who had been born before April 1st, 1988 in order to obtain a population with homogeneous sexual maturation. Third, we did not obtain data about other cardiovascular risk factors, such as serum lipids and blood sugar. Also, information on smoking, exercise, and diet is lacking. Fourth, we did not measure abdominal circumference in the present study. 49 Adding these data may strengthen our data and will be the task for the future. 
